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ABSTRACT: Trichoderma fungi release 6-pentyl-2H-pyran-2-one (1) and harzianic acid (2) secondary metabolites to improve
plant growth and health protection. We isolated metabolites 1 and 2 from Trichoderma strains, whose diﬀerent concentrations
were used to treat seeds of Solanum lycopersicum. The metabolic proﬁle in the resulting 15 day old tomato leaves was studied by
high-resolution magic-angle-spinning nuclear magnetic resonance (HRMAS NMR) spectroscopy directly on the whole samples
without any preliminary extraction. Principal component analysis (PCA) of HRMAS NMR showed signiﬁcantly enhanced
acetylcholine and γ-aminobutyric acid (GABA) content accompanied by variable amount of amino acids in samples treated with
both Trichoderma secondary metabolites. Seed germination rates, seedling fresh weight, and the metabolome of tomato leaves
were also dependent upon doses of metabolites 1 and 2 treatments. HRMAS NMR spectroscopy was proven to represent a rapid
and reliable technique for evaluating speciﬁc changes in the metabolome of plant leaves and calibrating the best concentration of
bioactive compounds required to stimulate plant growth.
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■ INTRODUCTION
Plant-growth-promoting microorganisms, such as fungi, have
been naturally sustaining the agricultural production that
allowed the human population to grow over millennia.1
Trichoderma probably represents the most popular genera of
fungi commercially available as a plant growth promoter and
biological control agent for agricultural and industrial
applications.2,3 The principal attractiveness of Trichoderma
consists in its eﬃcient and diversiﬁed capability to perform
antagonistic activities against various soil-borne phytopath-
ogens4 by means of mycoparasitism,5 antibiosis,6 and
competition for nutrients in the rhizosphere.7 Moreover,
Trichoderma rhizosphere-competent strains exert direct eﬀects
on plants by stimulating plant defenses against biotic and
abiotic damages as well as increasing their growth potential and
nutrient uptake.8,9 For instance, Trichoderma harzianum
promotes the growth of tomato plants by inﬂuencing nutrients
uptake with direct modulation of root development as well as
through indirect mechanisms, such as mineral solubilization by
acidiﬁcation, redox, chelation, and hydrolysis reactions.10
Part of the beneﬁcial functions enabled by the Trichoderma−
plant interactions are activated and/or modulated by target
molecules, which are released by the fungus and are prevalently
ascribable to secondary metabolites.2,11 Such compounds are
biosynthesized from primary metabolites along specialized
pathways and consist of relatively small molecules (generally <3
kDa), which may signiﬁcantly vary according to individual
fungal genera, species, or strains.11,12 Although secondary
metabolites are not directly involved in the primary metabolic
ﬂuxes, which are related to normal growth, development, or
reproduction, they may play important roles in signaling
interaction with other organisms.1,13 Trichoderma strains
produce and release a variety of compounds that induce
resistance responses that prevent plant pathogenicity, such as
systemic acquired resistance and rhizobacteria-induced systemic
resistance.2 Thus far, several potential biological activities have
been attributed to Trichoderma secondary metabolites,
including plant growth regulation, weed control eﬀects,
antibiotic, antiaging, antiplasmodial, cholesterol-lowering activ-
ity ﬂavoring agents, immune suppression, and iron complex-
ation.3,6,14,15 It has been indicated that T. harzianum may
signiﬁcantly stimulate tomato growth via the production of an
auxin-like phytohormone named harzianolide.16 It is also
noteworthy that organic acids released by Trichoderma strains,
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such as citric, oxalic, and tartaric acids, may chelate metals and
solubilize potassium from K-containing minerals.
The secondary metabolites 6-pentyl-2H-pyran-2-one (alias 6-
pentyl-α-pyrone, 1) and harzianic acid (2) (Figure 1) isolated
from Trichoderma may signiﬁcantly aﬀect the physiology of
several plants, including those in the Solanaceae family. The
pyrone 1 is a volatile metabolite commonly puriﬁed from
culture ﬁltrates of diﬀerent Trichoderma species (Trichoderma
viride, Trichoderma atroviride, T. harzianum, and Trichoderma
koningii) and associated with a number of beneﬁcial properties,
such as antipathogenic fungal activity,17−19 plant growth
promotion,20 and production of coconut aroma.21 The
eﬀectiveness of metabolite 1 in reducing the incidence of
Botrytis cinerea and Leptosphaeria maculans on tomato and
canola seedlings was conﬁrmed in plants.21 Interestingly, wheat
seedling growth assays with metabolite 1 showed inhibitory
eﬀects at a high concentration and growth promotion at a low
concentration. However, in foliar spray treatments on tomato,
metabolite 1 at the 0.166 mg/L concentration produced
vigorous growth and an extensive root system.21
Harzianic acid recently isolated from a T. harzianum strain22
was shown to be a tetramic acid derivative and characterized by
the presence of a pyrrolidinedione ring system. The metabolite
2 revealed in vitro antibiotic activity against Pythium irregulare,
Sclerotinia sclerotiorum, and Rhizoctonia solani.22,23 The
application of metabolite 2 to canola seedlings at the
concentrations of 100 and 10 μg/seed inhibited stem length,
whereas the lower concentrations of 100, 10, and 1 ng/seed
increased stem length by 42, 44, and 52% more than the
control, respectively.22 Moreover, it has been recently shown
that metabolite 2 from T. harzianum may have a large binding
aﬃnity to essential metals, such as Fe3+, thus potentially serving
as a siderophore.24 Despite the large body of literature on the
eﬀects of metabolites 1 and 2 on plants, limited information is
yet available on the molecular mechanisms by which these
secondary metabolites exert their bioactivity. Therefore, further
investigations are required to identify not only the changes in
metabolic proﬁles promoted by treatments with diﬀerent
concentrations of secondary metabolites but also the underlying
biomolecular mechanisms in plants.1
Advanced analytical technologies are necessary to reach
detailed molecular identiﬁcation of plant metabolic proﬁles
induced by treatments. In comparison to other techniques,
nuclear magnetic resonance (NMR) spectroscopy achieves high
throughput and simultaneous structural information on a wide
range of metabolites with great analytical precision and
accuracy. As a result of such advantages, NMR spectroscopy
is an increasing choice in metabolomic studies and has proven
to enable identiﬁcation of treatment-dependent metabolic
processes occurring in plants,25−28 including those of tomato
plants.29−34 Moreover, the high-resolution magic-angle-spin-
ning (HRMAS) technique enables a direct application of NMR
spectroscopy to semi-solid samples, such as fresh plant leaves,
and a rapid achievement of sample metabolic proﬁles.35,36 The
HRMAS NMR technique enables the acquisition of molecular
ﬁngerprinting of semi-solid samples with a similar resolution to
that of classical liquid-state NMR techniques, thereby providing
simultaneous information on polar and nonpolar components
of plant tissues without the need for preliminary sample
extractions.37
The aim of this work was thus to characterize the
metabolome of tomato leaves treated with Trichoderma
secondary metabolites 1 and 2 by 1H HRMAS NMR
spectroscopy and evaluate the metabolic changes brought
about by diﬀerent treatment rates.
■ MATERIALS AND METHODS
Fungal Material. The Trichoderma strains used were from the
microbial collection of the Biological Control Laboratories of the
Department of Agriculture, University of Naples Federico II. The
strains T. harzianum M10 and T. atroviride P1 were maintained on
potato dextrose agar (PDA) medium (HiMedia, Laboratories Mumbai,
India) covered with sterilized mineral oil (Sigma-Aldrich, St. Louis,
MO).
Isolation and Characterization of Trichoderma Secondary
Metabolites. Six pentyl-α-pyrone (1) and harzianic acid (2)
secondary metabolites were isolated by T. harzianum M10 and T.
atroviride P1, respectively, as follows. The fungi were grown in 2.5 L of
potato dextrose broth (PDB, Sigma-Aldrich, St. Louis, MO) stationary
cultures at 25 °C in 5 L conical ﬂasks inoculated with small pieces of
the PDA cultures. After 30 days, the liquid cultures of each strain were
ﬁltered through No. 4 ﬁlter paper (Whatman, Brentford, U.K.) and
exhaustively extracted with ethyl acetate (EtOAc, Sigma-Aldrich, St.
Louis, MO). The separated organic fractions were ﬁrst treated with
NaSO4 (Sigma-Aldrich) to remove water moisture and then dried by
vacuum rotoevaporation at 35 °C.
The dried extract from the P1 culture was separated by ﬂash column
chromatography on 50 g of GF60 silica gel, 35−70 mesh (Merck,
Darmstadt, Germany) as previously described,21 whereas the residue
from the M10 strain was ﬁrst redissolved in CH3Cl and then extracted
by a 2 M NaOH solution that was subsequently added to 2 M HCl to
precipitate the organic acids. The solid was recovered by ﬁltering the
solution through a 0.3 μm Buchner ﬁlter. The material retained on the
ﬁlter was redissolved in EtOAc and dried by vacuum rotoevaporation
at 35 °C. The dried residue was then subjected to RP-C18 column
chromatography as previously reported.12
In Vitro Plant Growth Assay. Tomato plants cv. “Roma”
(Solanum lycopersicum) were grown in vitro to evaluate the inﬂuence
exerted on the plant metabolome by Trichoderma secondary
metabolites 1 and 2. Tomato seeds were surface-sterilized with 1%
NaClO for 10 min and extensively rinsed with sterile water. The seeds
(20 per treatment) were germinated in Magenta boxes ﬁlled with 20
mL of half-strength Murashige and Skoog solution (MS Duchefa
Biochemie, Haarlem, Netherlands) and 1% agar. The Trichoderma
secondary metabolites were added to the medium in the boxes and
stirred before the solidiﬁcation of the agar. Starting from a 10 mM
stock solution, secondary metabolites were diluted to reach the
Figure 1. Structures of secondary metabolites 6-pentyl-2H-pyran-2-
one (1) and harzianic acid (2) isolated from T. atroviride and T.
harzianum, respectively.
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concentrations of 10 μM (1max and 2max) and 0.1 μM (1min and 2min).
Only in the case of harzianic acid, it was used at an intermediate
concentration corresponding to 1 μM (2int). The total set of samples
also included control seeds, which were not exposed to Trichoderma
secondary metabolites. To evaluate the direct inﬂuence exerted on
seeds by Trichoderma secondary metabolites, the germination rate was
measured by quantitating the percent of germinated seeds as a
function of time. The signiﬁcance of the germination rate was assessed
by one-way analysis of variance (ANOVA; Tukey’s test).
Each treatment consisted of three replicates and was repeated twice
for a total of six replicates per treatment. Plants were grown in a
growth chamber at 25 °C (16 h photoperiod) and harvested 15 days
after seeding. Plants were harvested randomly from each replicate to
obtain ﬁve diﬀerent pools containing leaves from three plants. After
harvesting, the whole plants were weighed and stored at −80 °C until
NMR analysis.
NMR Experiments. Each sample for NMR analysis was prepared
by cutting in small pieces about 15 ± 2 mg (fresh weight) of tomato
leaves from the same treatment. This plant material was packed into a
HRMAS NMR 4 mm zirconia rotor ﬁtted with a perforated Teﬂon
insert, soaked with approximately 15 μL of 99.8% D2O (Armar
Chemicals, Döttingen, Switzerland), and sealed with a Kel-F cap
(Rototech-Spintech GmbH, Griesheim, Germany). The rotor was
spun at a rate of 5000 ± 1 Hz. All NMR experiments were conducted
at 25 °C on a 400 MHz Avance magnet (Bruker Biospin, Rheinstetten,
Germany), equipped with a 1H−13C HRMAS probe working at 13C
and 1H frequencies of 101.5 and 400.13 MHz, respectively. A Carr−
Purcel−Meiboom−Gill (CPMG) NMR pulse sequence was used to
acquire 1H spectra of tomato leaves. This sequence was preferred to
the conventional 1H acquisition because it consists of a T2 ﬁlter
enabling the selective suppression of those compounds characterized
by a short spin−spin relaxation time. The experiments were acquired
by setting 2 s of recycle delay, a 90° pulse length ranging within 5.2
and 6.4 μs, 16 384 points, a spectral width of 16 ppm (6410.3 Hz), and
256 scans. In particular, the CPMG pulse sequence, which is based on
a spin−echo method, was performed by applying a total spin−spin
relaxation delay (2nτ) of 320 ms composed by single optimal echo
times (τ) of two ms. The signal of residual water was suppressed by
applying the on-resonance presaturation during thermal equilibrium
delay.
Structural identiﬁcation of compounds detected in tomato leaves
was assessed by two-dimensional (2D) NMR experiments, such as
homonuclear 1H−1H correlation spectroscopy (COSY), total
correlation spectroscopy (TOCSY), and J-RES, as well as hetero-
nuclear 1H−13C heteronuclear single-quantum correlation (HSQC)
and heteronuclear multiple-bond correlation (HMBC). All 2D
experiments were acquired with a spectral width of 16 (6410.3 Hz)
and 300 (30 186.8 Hz) ppm for 1H and 13C nuclei, respectively, and a
time domain of 2048 points (F2) and 256 experiments (F1).
Homonuclear 2D spectra were based on 16 dummy scans and 64
total transients. Additionally, a mixing time of 80 ms and a trim pulse
length of 2500 ms were set for the TOCSY experiment. HSQC and
HMBC heteronuclear experiments were acquired with 16 dummy
scans, 80 total transients, and 0.5 μs of trim pulse length. The
experiments were optimized by considering 145 and 6.5 Hz as the
optimal 1H−13C short- and long-range J couplings, respectively.
Spectra were processed using both Bruker Topspin software (version
2.1, BrukerBiospin, Rheinstetten, Germany) and MNOVA software
(version 9.0, Mestrelab Research, Santiago de Compostela, Spain).
Phase and baseline corrections were applied to all mono- and
bidimensional spectra. Neither zero ﬁlling or apodization were
necessary during the Fourier transformation of free induction decays.
1H and 13C axes were calibrated by associating the center of the β-CH2
glutamine signal to 2.14 and 27.3 ppm, respectively.29,32
Multivariate Analysis. The region ranging from 0.1 to 9.22 ppm
in 1H CPMG NMR spectra was equally divided into 228 segments
(each single bucket width corresponded to 0.04 ppm). Except for the
region of the baseline distortion as a result of water suppression (4.9−
4.66 ppm), all of these segments were integrated. Integration produced
two data matrixes composed by 222 variables for 18 observations (6
replicates for 3 treatments) and 24 observations (6 replicates for 4
treatments) for the treatments 1 and 2, respectively. Data were
normalized by dividing each segment area by the sum of all signal areas
and Pareto-scaled prior to performing principal component analysis
(PCA).38,39 The ANOVA test was applied to evaluate the signiﬁcance
(Tukey’s test, conﬁdence level of >95%) by which the most relevant
variables diﬀerentiated the applied treatments. Statistical data
elaboration was achieved by the XLStat software (version 2012,
Addinsoft, Paris, France).
■ RESULTS AND DISCUSSION
Eﬀect of Metabolites 1 and 2 on Seed Germination
Rate and Seedling Growth. The inﬂuence on seed
germination rates by the two Trichoderma secondary
metabolites was assessed by incubating tomato seeds with
diﬀerent concentrations of metabolites 1 and 2. The
germination rate was quantitated for all treated seeds by
assuming that germination occurred when the radicle protruded
through the seed coat. The germination rate approached 100%
within 96 h after seeding in all cases. Both Trichoderma
secondary metabolites accelerated the germination rate, except
for metabolite 1 at 0.1 μM concentration (1min) (Table 1). In
fact, the treatment 2 promoted germination as soon as 24 h
after seeding but depending upon the treatment rate, being
about 5.3 times greater than the control for the 2max (88.9
versus 16.7%), while, for the intermediate concentration (2int),
100% germination was reached after 72 h. The positive eﬀect
exerted by metabolite 2 as germination promoter is in
agreement with previous ﬁndings.12 In the case of metabolite
1, the treatment with 1max promoted seed germination but to a
lower extent than for 2max, whereas the 1min treatment even
induced a slight inhibition within 72 h after seeding.
Interestingly, this apparent inhibition shown by 1min is in
agreement with previous reports on reduced germination rates
for lettuce seeds incubated with metabolite 1 vapors.20
As shown in Figure 2, the in vitro plant growth promotion
assay demonstrated that Trichoderma spp. secondary metabo-
lites exerted an eﬀect also on the seedling fresh weight.
Table 1. Percentage (%) of Tomato Seed Germination Following Treatment with Diﬀerent Concentrations of 6-Pentyl-2H-
pyran-2-one (1) and Harzianic Acid (2) Metabolitesa
treatment 24 h SD 48 h SD 72 h SD 96 h SD
control 0.0 a 0 16.7 a 3.9 72.2 a 7.9 100.0 a 0
2max 0.0 a 0 88.9 b 3.9 94.4 b 3.9 100.0 a 0
2int 0.0 a 0 72.2 c 7.9 100.0 c 0.0 100.0 a 0
2min 0.0 a 0 27.8 ad 11.8 72.2 ad 11.8 100.0 a 0
1max 0.0 a 0 44.4 e 7.9 88.9 e 7.9 100.0 a 0
1min 0.0 a 0 11.1 g 0.0 61.1 g 11.8 100.0 a 0
aValues are means of three replicates (20 seeds per pot). SD = Standard Deviation. Values with the same letter do not diﬀer signiﬁcantly (p < 0.05).
Control, min, int, and max indicate secondary metabolite concentrations of 0, 0.1, 1, and 10 μM, respectively.
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Treatment with metabolite 1 produced a dose-dependent eﬀect
directly proportional to the applied concentration with a weight
increase of 76% (1max) and 13% (1min), as compared to the
control. However, the variation induced in fresh weight by 1min
was not signiﬁcantly diﬀerent from the control (p value ≤
0.05). In comparison to the control, plants treated with 2min,
2int, and 2max showed a weight increase of 59, 65, and 39%,
respectively, even though 2int and 2max did not statistically diﬀer
(p value ≤ 0.05). In agreement with the results on the seed
germination rate, both secondary metabolites promoted
seedling growth and, on the whole, the largest eﬀects were
caused by 1max and 2int.
Metabolic Proﬁling of Tomato Leaves and Interpre-
tation of NMR Spectra. The full 1H CPMG NMR spectrum
acquired for a representative sample of control tomato leaves is
shown in Figure 3. Even though resolution for “semi-solid”
samples may be relevantly improved by increasing the rotor
spin rate,35,40 it is known that an excessively fast rotation may
force sample degradation and aﬀect the analysis reliability. We
thus adopted a moderate 5 kHz rotor spin rate that resulted as
the best compromise to attain an overall resolution comparable
to that of the solution state. The CPMG NMR pulse sequence
enabled the selective suppression of proton signals for
components with a short spin−spin relaxation time and
characterized by typical broad peaks (i.e., relatively large
molecules, including lipids and proteins). Consequently, the
signal resolution was much improved, thereby facilitating
compound assignments and their quantitative determination.
The CPMG NMR regions, (A) 0.8−3.3 ppm, (B) 3.34−4.27
ppm, and (C) 4.4−9.25 ppm, were magniﬁed and shown in
Figure 4. The assignment of main signals to speciﬁc compounds
was made on the basis of homo- and heteronuclear 2D spectra
and supported by previously described NMR attributions.29−34
In particular, the 2D 1H−13C HSQC spectra, which reveals the
short-range (1JCH) correlations between proton and carbon
signals, conﬁrmed resonance attributions by resolving the
overlapped proton peaks through the second dimension
(Figure 5). NMR spectra revealed that the most abundant
Figure 2. In vitro growth promotion assay of tomato seedlings treated
with the secondary metabolites 1 and 2 at diﬀerent concentrations and
harvested 15 days after seeding. Values with the same letter do not
diﬀer signiﬁcantly (p value < 0.05).
Figure 3. 1H HRMAS CPMG NMR full spectrum of control tomato
leaves acquired at a spin rate of 5 kHz.
Figure 4. 1H HRMAS CPMG NMR spectrum of control tomato
leaves acquired at a spin rate of 5 kHz. Three spectral regions are
shown: (A) 0.8−3.3 ppm, (B) 3.34−4.27 ppm, and (C) 4.4−9.25
ppm. The labels refer to assignment of the most intense signals
detected in all treatments (F, fructose; G, glucose; Gal, galactose; S,
sucrose; ACho, acetylcholine; GABA, γ-aminobutyric acid; and UDP,
uridine diphosphate).
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molecules in leaves were carbohydrates, free amino acids,
alcohols, and several organic acids (Figures 4 and 5),
prevalently related to the primary metabolome of tomato
plants. The 1H spectra invariably showed a relatively intense δ
1H singlet at 2.97 ppm (correlated to a δ 13C at 27.2 ppm in 2D
spectra) (Figures 4 and 5) that was impossible to assign
(“unknown 2.97”), as also previously reported.34 In comparison
to control samples, both secondary metabolite treatments failed
to reveal any new signal directly related to a speciﬁc treatment
or at least any signal at a concentration compatible with the
instrumental detection limit, whereas the relative concentration
of several signals in spectra varied according to speciﬁc
metabolite treatments. This result is in line with the diﬀerent
germination rates and the plant growth promotion data found
with secondary metabolite additions (Table 1 and Figure 2)
and suggests a treatment-dependent modulation in tomato
metabolism.
Eﬀect of 6-Pentyl-2H-pyran-2-one (1) on the Tomato
Leaves Metabolome. Data from 1H CPMG spectra were
interpreted by multivariate PCA that greatly facilitated the
evaluation of the very dense data matrices obtained from
integration of signal regions. In fact, PCA is an unsupervised
pattern-recognition technique that enables the eﬃcient
exploration of intrinsic variations within diﬀerent sample
classes.38,39 PCA oﬀers the practical advantage to explore in a
single output (referred to as score plot) the metabolomic
response induced in the whole set of samples by a large number
of variables.41,42 The PCA score plot in Figure 6A highlights the
spectral behavior of samples treated with the lowest and highest
concentrations of the metabolite 1, with respect to that of the
control. The distant spread among sample classes suggests that
treatment 1 systematically aﬀected the metabolome of tomato
leaves (Figure 6A). On the other hand, the fact that replicates
from the same treatment were projected relatively close to each
other indicated good reproducibility for HRMAS spectra
(Figure 6A). In particular, the PCA score plot combining the
ﬁrst and second principal components (58% of total explained
variance) diﬀerentiated neatly the control from 1min samples
along the PC1. As revealed by the related loading plot (Figure
S1A of the Supporting Information), the 1min treatment
produced a signiﬁcantly larger amount of GABA, acetylcholine,
and several amino acids, such as tyrosine, valine, glutamine,
leucine, arginine, and threonine, and a lower amount of glucose
and fructose. Conversely, samples treated with 1max were
vertically diﬀerentiated from control samples along the PC2 as
Figure 5. 1H−13C HSQC NMR spectrum of control tomato leaves
optimized for a short-range JCH coupling of 145 Hz. The labels refer to
assignment of the most intense signals detected in all treatments (F,
fructose; G, glucose; Gal, galactose; S, sucrose; GABA, γ-aminobutyric
acid; Leu, leucine; Arg, arginine; Val, valine; and Thre, threonine). The
ellipsoid regions circumscribe the dense cluster of F (dark gray) or G
(light gray) signals.
Figure 6. PCA score plots based on 1H HRMAS CPMG spectra of
leaves of tomato plants treated (A) with an increasing concentration of
the metabolite 1 isolated from T. atroviride (control, 1min, and 1max) or
with an increasing concentration of the metabolite 2 isolated from T.
harzianum either (B) without (control, 2min, and 2max) or (C)
including (control, 2min, 2int, and 2max) the intermediate concentration
of metabolite 2. The name and direction of most signiﬁcant loading
vectors involved in the diﬀerentiation among treatments are reported.
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a result of their larger amount of methionine, trigonelline,
phenylalanine, and sucrose.
Direct or indirect beneﬁcial eﬀects on plants are commonly
attributed to an excess of GABA and acetylcholine metabolites
in plant cells.43−45 Acetylcholine seems to mediate various
physiological processes, including water balance, cell swelling,
stomatal movement, root−shoot signal transduction, and cell
elongation,44 while GABA is reported to be involved in
regulation of cytosolic pH and protection against oxidative
stress.45 The larger amount of fructose and glucose in control
and 1max plants indicates a substantial accumulation of sugars in
plant tissues and excess of monosaccharides in the vacuole.46
The larger content of free amino acids found in 1min (Figure
6A) may indicate a limited biosynthesis of proteins resulting
from possible stress conditions (i.e., lower nitrogen uptake).
This is in agreement with the slight inhibition observed during
germination under this secondary metabolite treatment (Table
1).
The 1max treatment produced a signiﬁcantly larger content of
trigonelline, phenylalanine, methionine, and sucrose than the
control (Figure 6A). Methionine is a component of methionyl
tRNA that is required to start protein synthesis as well as a
direct precursor of S-adenosyl-methionine, the main biological
methyl donor in many transmethylation reactions.47 Sucrose
was largely abundant in samples treated with 1max, probably
because this Trichoderma metabolite induced a more eﬃcient
photosynthetic process than the control. However, the fact that
both glucose and fructose levels were very similar in both 1max
and control samples, indicated the absence of monosaccharide
catabolism during plant growth and excluded any induced
inhibition of invertase enzymes. In the case of phenylalanine, its
abundance is reported to enable massive enhancement of
carbon ﬂux following an increased demand for phenyl-
propanoid-derived metabolites, which have diverse physiolog-
ical functions, including cell wall strengthening, plant defense,
pigmentation, ultraviolet (UV) protection, and chemical
signaling.48,49 The presence of trigonelline, an alkaloid deriving
from nicotinamide, is related to a number of processes
occurring in plants, such as cell cycle regulation, nictinasty in
leaves, osmoregulation for salt stress, and promotion of plant
response to UV and oxidative stress.50
Eﬀect of Harzianic Acid (2) on Tomato Leaves
Metabolome. The PCA score plot obtained for samples
treated with the smallest and largest concentrations of
metabolite 2 is shown in Figure 6B. The neat separation
between diﬀerent treated samples (Figure 6B) suggests that
treatment with the metabolite 2 elicited a speciﬁc and dose-
dependent response in the tomato metabolome. In fact, the
score plot (PC1 versus PC3, with a total explained variance of
36.6%) neatly diﬀerentiated control from samples 2min and 2max.
In comparison to metabolite 2-treated samples, control plants
were negatively correlated to PC1 because of their larger
content of glucose and adenosine-like material, accompanied by
a lower amount of GABA, acetylcholine, asparagine, and
phenylalanine (Figure 6B and Figure S1B of the Supporting
Information). Moreover, the fact that also the centroid position
of the 2min group was distant from that of 2max suggests that all
variables explained by PC1 not only diﬀerentiated control from
both samples 2 but also 2max from 2min samples, even though at
a lower semi-quantitative extent (Figure 6B). Moreover, a clear
diﬀerentiation between samples treated with harzianic acid was
also shown along PC3 and was due to both larger amounts of
sucrose, galactose, and alanine and smaller contents of
trigonelline, asparagine, and arginine in 2min (Figure 6B). On
the other hand, the fact that control samples contained more
glucose and even more amino acids than plants treated with
harzianic acid (especially for 2max samples) indicated the amino
acid biosynthesis was stimulated in the latter samples as already
observed for treatment 1. In particular, 2max samples were
positioned in the fourth quadrant of the PCA score plot (Figure
6B) that was associated with the large content of phenylalanine,
asparagine, and arginine. This response may be explained by a
more pronounced biosynthesis of amino acids in harzianic-acid-
treated samples. However, control samples also showed an
excess of adenosine-like compounds. Unfortunately, the
analytical lack of determination of the speciﬁc structure of
this compound class prevented an understanding of their
potential role in the plant. Interestingly, as already observed for
1min treatment, both treatments 2 increased the content of
acetylcholine and GABA, whose accumulation in plant cells is
considered beneﬁcial to plants.43−45
The metabolites responsible for the diﬀerentiation between
2min and 2max along PC3 (Figure 6B) not only conﬁrmed the
occurrence of speciﬁc metabolic response in tomato plants but
also underlined the importance of the dose of treatment in
plant growth promotion. In this view, an intermediate dose
(2int) was considered for treatment 2 as a result of a most
eﬀective hastening of seed germination within 48 h after
seeding (Table 1). Figure 6C displays the PCA score plot of
control samples and all other samples treated with harzianic
acid. Interestingly, the combination of the ﬁrst and third
principal component revealed that 2int diﬀered considerably
from samples treated with the other two concentrations of
metabolite 2 while concomitantly highlighted which metabolite
variables were mostly responsible for the diﬀerentiation. In fact,
the loading vectors for 2int samples were separated along a
diagonal direction as a result of their relatively larger amounts
of trigonelline, adenosine-like compounds, acetylcholine,
choline, and galactose as well as lower amount of methionine
(Figure 6C and Figure S1C of the Supporting Information).
Our ﬁndings indicate that HRMAS NMR spectroscopy
allows for a rapid and accurate determination of the main
molecular constituents of the tomato leaves metabolome by a
direct evaluation of fresh samples, without any sample
extraction. In addition, this work showed that the secondary
metabolites 1 and 2 isolated from Trichoderma spp. are capable
of aﬀecting the composition of tomato leaves metabolome as a
function of treatment dose. In fact, 1H CPMG-edited spectra
obtained by HRMAS NMR showed changes in sample
metabolites that enabled development of PCA plots indicating
signiﬁcant diﬀerences among plant treatments and consequent
inference on the involved speciﬁc metabolic processes.
Although a direct eﬀect of these Trichoderma secondary
metabolites on plant physiology had already been described, we
enlarged the existing limited information by providing data on
the related variations of the tomato leaves metabolome. It is
expected that increased molecular knowledge on the mecha-
nisms involved in plant interactions with the secondary
metabolites applied here may be useful to develop new
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